Alterations in peripheral blood neutrophil function are known to occur in patients with colitis and may have a role in precipitating nonspecific tissue injury. It is not known whether neutrophil function is altered in patients with Shigella dysenteriae type 1 infection, during which there is extensive colitis and which may be associated with life-threatening complications in young children. Three aspects of peripheral blood neutrophil function, polarization, attachment to yeast particles, and locomotion, were therefore studied in 111 children with S. dysenteriae type 1 infection and 57 children without any infection. All children were aged 12 to 60 months. Of the children with S. dysenteriae type 1 infection, 42 had leukemoid reaction, hemolytic-uremic syndrome, or septicemia (complicated shigellosis), while the others did not (uncomplicated shigellosis). Polarization and locomotion in the absence of chemoattractants and in response to N-formylmethionyl-leucylphenylalanine (FMLP) and the lipopolysaccharide (LPS) of S. dysenteriae type 1 were determined. Attachment to unopsonized and opsonized yeast particles was also determined. Children with shigellosis (uncomplicated or complicated) had more polarized neutrophils with and without chemoattractants than uninfected children (P < 0.05). Children with complicated shigellosis had more polarized neutrophils with FMLP at 10 ؊7 and 10
Invasion of the gut epithelium is a key event in the pathogenesis of shigellosis. Shigellae invade gut epithelial cells via the M cells overlying the Peyer's patches in the small intestine (20) and via the basolateral poles of colonic epithelial cells (18) . Neutrophils play a pivotal role in this invasion process. Initial entry via M cells leads to an intense inflammatory reaction with dense infiltration of the lamina propria with neutrophils and mononuclear cells. The shigellae present in the gut lumen presumably either secrete or induce secretion by epithelial cells of neutrophil chemotactic factors (19) . Neutrophils then transmigrate through the epithelium, allowing bacteria to invade the cells through the paracellular pathway (19) .
Severe, often fatal complications are associated with shigellosis, particularly that caused by Shigella dysenteriae type 1, in children younger than 5 years of age. These complications include leukemoid reaction, in which there is an increase in the total leukocyte (WBC) count (Ն40,000/mm 3 of blood), granulocytosis, and an increase in the number of immature granulocytes (5); hemolytic-uremic syndrome (HUS), which consists of a triad of hemolytic anemia, thrombocytopenia, and acute renal failure (21) ; and septicemia (23) and intestinal complications, such as toxic megacolon (3) . Leukemoid reaction in patients with shigellosis is a bad prognostic indicator (5) , and when it accompanies other complications such as HUS, the prognosis is worse (24) . The pathogenesis of these complications are unknown, but damage to the vascular endothelium may be one of the etiological events, particularly in patients with HUS (10) and intestinal perforation following toxic megacolon (3) . One of the factors inducing vascular endothelial cell injury is activated neutrophils (25, 26) . High levels of elastase in plasma (17) , increased adherence of neutrophils to endothelium, and neutrophil-mediated damage of endothelial cell fibronectin have been reported in patients with HUS associated with diarrhea from enterohemorrhagic Escherichia coli (10) .
Other inflammatory conditions of the gut, such as ulcerative colitis and Crohn's disease, are associated with alterations in peripheral blood neutrophil function (8, 13, 16) which are thought to contribute to intestinal and extraintestinal nonspecific injury. Neutrophil function has not been measured in patients with shigellosis, particularly that caused by S. dysenteriae type 1, in which there is extensive colitis. It is also not known whether complicated shigellosis is associated with altered neutrophil function as is seen with HUS caused by enterohemorrhagic E. coli. In the present study, we therefore investigated three aspects of peripheral blood neutrophil function, polarization or shape change (22) (an early activation event), locomotion, and attachment to yeast particles (later activation events), in children with S. dysenteriae type 1 infec-tion with and without leukemoid reaction, HUS, or septicemia and in children without any infection. In addition, the effect of nutritional status on these functional parameters was also investigated.
MATERIALS AND METHODS
Study population. Children aged 12 to 60 months attending the Clinical Research and Service Centre of the International Centre for Diarrhoeal Disease Research, Bangladesh (ICDDR,B), with acute dysentery (visible blood in stool with or without fever) were initially enrolled in the study. Stools were examined microscopically and were cultured for enteric bacteria (29) . Only children who were culture positive for S. dysenteriae type 1 were included in the study. Informed consent was obtained from the guardians of each child before enrollment. Clinical evaluation of the patients included daily physical examination and determination of vital signs. Laboratory investigations included determination of hematocrit, total and differential WBC counts (including bands, metamyelocytes, and myelocytes), platelet counts, fragmented erythrocytes (RBCs), serum electrolytes, and creatinine concentration. All patients were treated with amdinocillin pivoxil (pivmecillinam) or ciprofloxacin. Some children received additional antibiotics for concomitant infections, such as respiratory tract infection, middle ear infection, or septicemia.
Venous blood (5 ml) was collected on enrollment and 3 to 5 days later from all patients except those who had received blood transfusions or who were transferred to other hospitals in the interim period. Blood was collected aseptically in sterile, heparinized Vacutainer tubes (Becton-Dickinson, Rutherford, N.J.).
Children matched for age and without any infection attending the Nutritional Follow-Up Unit of ICDDR,B were also enrolled in the study. A single, 5-ml sample of blood was collected from these uninfected children. The study was approved by the Ethical Review Committee of ICDDR,B.
One hundred sixty-eight children were enrolled in the study, of whom 111 had S. dysenteriae type 1 infection and 57 had no infection (uninfected children). Of the children with S. dysenteriae type 1 infection, 42 had complications including HUS (n ϭ 17), leukemoid reaction (n ϭ 22), or septicemia (n ϭ 3) (complicated shigellosis), while the others did not (uncomplicated shigellosis). Assays for attachment to yeast particles, polarization, and locomotion were carried out in that order of preference, depending on the number of cells available per sample of blood. Therefore, all three assays could not be performed on all children.
Because nutritional status was found to affect neutrophil polarization, data were also analyzed by dividing the children into two nutritional subgroups; Յ70% (poorly nourished) and Ͼ70% (better nourished) of the median weightfor-age of the National Center for Health Statistics.
Granulocyte separation. Fresh blood was separated on Ficoll-Hypaque (Pharmacia, Uppsala, Sweden) by centrifugation at 500 ϫ g for 25 min. Granulocytes, which formed a pellet with RBCs, were isolated by sedimentation through dextran (Sigma, St. Louis, Mo.) and were washed twice with a mixture of Hank's balanced salt solution (HBSS) (Sigma) and 10 mM 3-(N-morpholino)propanesulfonic acid (MOPS). The remaining RBCs were lysed by hypotonic shock. Granulocytes were subsequently resuspended at 10 6 cells per ml. In all cases, the cell suspension consisted of more than 95% neutrophils, with the remainder mainly being basophils and eosinophils.
Polarization assay for neutrophils. The polarization or shape change assay for neutrophils was carried out against log dilutions (ranging from 10 Ϫ5 to 10 Ϫ9 M) of the pure chemotactic factor N-formylmethionyl-leucyl-phenylalanine (FMLP; Sigma) or the lipopolysaccharide (LPS) of S. dysenteriae type 1 (27) at 1 mg/ml. Neutrophil polarization with log dilutions of the LPS of S. dysenteriae type 1 from 10 mg/ml to 10 ng/ml showed a maximal response at 1 mg/ml, which was therefore the concentration used in all assays. Polarization was assayed by a standard procedure (22) . Briefly, neutrophils at 10 6 /ml in HBSS-MOPS were incubated with medium alone, FMLP, or the LPS of S. dysenteriae type 1 for 30 min at 37ЊC. Cells were then fixed with 2% glutaraldehyde (Sigma) in HBSS-MOPS and washed. The percentage of polarizing cells was assessed by viewing under a light microscope (Olympus BH-2) with a ϫ40 objective. Neutrophils with spherical outlines or with a few filamentous projections were counted as round cells. Any cell deviating from this spherical morphology, including cells with a constriction separating a spherical outline of the membrane from a ruffled outline, was scored as a polarized cell (22) . Polarized cells were expressed as a percentage of the total granulocytes counted. At least 300 granulocytes were counted.
Assay for neutrophil attachment to yeast particles. A few drops of neutrophils at 2 ϫ 10 6 /ml of HBSS-MOPS were placed on glass slides and were incubated at room temperature for 10 min. A few drops of unopsonized and opsonized (in fresh autologous plasma) baker's yeast particles were added to the cells, and the cells were incubated at 37ЊC for 5 min. The slides were washed in normal saline, fixed with methanol, and stained with Giemsa (Sigma). Neutrophils with three or more attached yeast particles were scored as positive cells. This method is a modification of a visual method described previously (28) and did not distinguish engulfed yeast particles from those which were attached to the neutrophil cell surface. The percentage of neutrophils attached and the number of yeast particles attached per 100 randomly chosen neutrophils were counted. At least 300 neutrophils were counted.
Locomotion assay. The locomotion assay was done by using the chambers described by Boyden (4) with cellulose nitrate filters (pore size, 3 m; Sartorius, Gottingen, Germany), and the migration of neutrophils to uniform concentrations of chemoattractants in the upper and lower compartments of the chambers was measured. Neutrophils at 10 6 /ml in HBSS-MOPS with human serum albumin (HSA; Sigma) at 5 mg/ml were added to the upper compartment of the chamber (Nunc, Roskilde, Denmark), which contained either medium alone (HBSS-MOPS with HSA), FMLP at 10 Ϫ8 M, or the LPS of S. dysenteriae type 1 (1 mg/ml). To the lower compartment of the chamber, either medium alone or the corresponding chemoattractants only were added. The chambers were incubated at 37ЊC for 90 min. The filters were then fixed with 70% ethanol and were stained with hematoxylin (Sigma). After serial dehydration with ethanol and clearing with xylene, the filters were mounted onto slides with Permount (Fisher Scientific, Pittsburgh, Pa.) and were overlaid with coverslips. The leading front was calculated by subtracting the distance from the top of the filter to the focal plane where at least two cells were present (31) by using a ϫ40 objective of a light microscope (Olympus BH-2).
Statistical analyses. Comparison of continuous variables was carried out by the Mann-Whitney U test when two groups of nonparametric data were compared. When three groups were compared, the Kruskal-Wallis test (for nonparametric data) or one-way analysis of variance (for parametric data) were used. When such analyses showed significant differences, the Dunn test (for nonparametric data) and the Student-Newman-Keuls method (for parametric data) were applied to assess the significance of differences between two groups of data. Comparisons between proportions were done by using the chi-square statistic. Differences in paired samples between the two study periods were assessed by using the Wilcoxon matched-pairs signed rank test (for continuous variables) and the McNemar test (for categorical variables). Differences were considered to be significant when P was Յ0.05. Multiple regression analyses were performed to evaluate the effects of clinical parameters on neutrophil function. Data analyses were carried out by using the Statistical Package for Social Sciences (version 6.0 for Windows; SPSS Inc., Chicago, Ill.) and SigmaStat (version 1.0 for Windows; Jandel Scientific, San Rafael, Calif.). Table 1 provides the clinical characteristics of the children studied. The children in the three study groups were comparable for age (P ϭ 0.338), nutritional status (P ϭ 0.372), and sex (P ϭ 0.469). Stool frequency on the day of enrollment and the duration of diarrhea before enrollment were comparable between children with uncomplicated shigellosis and those with complicated shigellosis (P ϭ 0.670 and 0.823, respectively). However, on the day of enrollment, the numbers of WBCs per high-power microscopic field (HPF) (using a ϫ40 objective of a light microscope; BH-2 Olympus) and RBCs per HPF in stools were lower (P Ͻ 0.001 for both WBCs and RBCs), while total WBC counts per microliter of blood and the percentage of polymorphonuclear cells were higher (P Ͻ 0.001 for both WBC counts and percent polymorphonuclear cells) in children with complicated shigellosis than in children with uncomplicated shigellosis.
RESULTS

Study groups.
Neutrophil polarization on enrollment. In the absence of any chemoattractant, children with S. dysenteriae type 1 infection (whether uncomplicated or complicated) had a higher percentage of polarized neutrophils than uninfected children (P Ͻ 0.05) (Fig. 1) . The percentages of polarized neutrophils were similar in children with uncomplicated and complicated shigellosis.
In response to FMLP, the percentage of polarized neutrophils was higher in children with S. dysenteriae type 1 infection (whether complicated or uncomplicated) than in uninfected children (P Ͻ 0.05) (Fig. 1 ). There were also more polarized neutrophils in children with complicated shigellosis than in those with uncomplicated shigellosis with FMLP at 10 Ϫ7 M and 10 Ϫ6 M (P Ͻ 0.05). In response to the LPS of S. dysenteriae type 1 (at 1 mg/ml), the percentages of polarized neutrophils were significantly different among the three groups of children (P Ͻ 0.001) (Fig. 1 ). There were more polarized neutrophils in children with shigellosis (uncomplicated and complicated) than in uninfected children (P Ͻ 0.05) as well as in children with complicated than in children with uncomplicated shigellosis (P Ͻ 0.05) (Fig. 1) .
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Further comparisons between children with leukemoid reaction and HUS showed no difference in polarization, with or without chemoattractants, between children with these two types of complications (data not shown).
Neutrophil polarization 3 to 5 days after enrollment. Comparison of paired samples between the day of enrollment and 3 to 5 days later in children with uncomplicated shigellosis (Fig.  2A) showed a significant decline in the percentages of polarized neutrophils with 10
Ϫ8
, 10
Ϫ6
, and 10 Ϫ5 M FMLP. Between the two study periods, no statistically significant decline was observed in the absence of any chemoattractant ( Fig. 2A) or with the LPS of S. dysenteriae type 1. In children with complicated shigellosis (Fig. 2B) , there were no differences in the percentages of polarized neutrophils in the absence of any chemoattractant, with FMLP, or with the LPS of S. dysenteriae type 1 between the two study periods.
Neutrophil attachment to yeast particles. On enrollment, the percentage of neutrophils attached to unopsonized yeast particles and the numbers of yeast particles (both opsonized and unopsonized) attached were similar for the three study groups (Table 2) . Also, 3 to 5 days after enrollment, neutrophil attachment to yeast particles in children with uncomplicated and complicated shigelloses was similar (data not shown).
Neutrophil locomotion. Locomotion of neutrophils in the absence of any chemoattractant or with FMLP at 10 Ϫ8 M was similar for the three study groups (Table 3) . With the LPS of S. dysenteriae type 1, neutrophils from children with shigellosis, whether it was uncomplicated or complicated, showed less locomotion (P Ͻ 0.05) than those from uninfected children; the locomotion of neutrophils from children with uncomplicated and complicated shigelloses was similar. Comparison within study groups showed that locomotion of neutrophils from uninfected children was similar with or without chemoattractants. However, in children with shigellosis, whether it was uncomplicated or complicated, the response with FMLP was more (P Ͻ 0.05) and that with the LPS of S. dysenteriae type 1 was less (P Ͻ 0.05) than that in the absence of chemoattractants. At 3 to 5 days after enrollment, not enough samples were available for statistical comparison.
Effects of clinical parameters on neutrophil function. Multiple regression analysis revealed that neutrophil polarization, attachment to yeast particles, or locomotion was not affected by sex, concomitant infections, stool frequency, or duration of diarrhea before enrollment. However, nutritional status had an inverse relationship with polarization (but not phagocytosis or locomotion). Reanalyses of the polarization data, after dividing the children into poorly nourished and better-nourished subgroups, revealed that there were differences in polarization between the two nutritional subgroups, but only in uninfected children. Poorly nourished, uninfected children had more polarized neutrophils with FMLP at 10 Ϫ5 M (mean ϭ 51.6, standard deviation [SD] ϭ 14.2, n ϭ 24) and 10 Ϫ9 M (mean ϭ 36.4, SD ϭ 16.2, n ϭ 25) than better-nourished, uninfected children (for 10 Ϫ5 M, mean ϭ 41.1, SD ϭ 14.4, n ϭ 13; for 10 Ϫ9 M, mean ϭ 25.7, SD ϭ 11.2, n ϭ 23) (P ϭ 0.043 and 0.020 for 10
Ϫ5
and 10 Ϫ9 M FMLP data, respectively, for children of the two nutritional subgroups). There were no differences at other FMLP concentrations or with the LPS of S. dysenteriae type 1. In children with shigellosis, whether it was uncomplicated or complicated, there were no differences between the two nutritional subgroups.
DISCUSSION
Experimental colitis has been shown to alter neutrophil function in the peripheral circulation (6), with enhancement of superoxide generation, leukotriene B 4 synthesis, and phagocytosis and inhibition of chemotaxis (6) . In patients with inflammatory bowel diseases, peripheral neutrophil functions are altered (8, 13, 16) , and it is thought that these alterations may lead to nonspecific injury. In patients with shigellosis there is extensive colitis with a predominant neutrophil infiltration (14) on May 2, 2016 by guest http://cvi.asm.org/ so that, as in patients with inflammatory bowel disease, neutrophil activation could have a role in precipitating nonspecific injury in patients with shigellosis. This is particularly pertinent for patients with infection with S. dysenteriae type 1 infection, in whom colitis is more severe, and children often develop life-threatening complications such as leukemoid reaction and HUS. Although the pathophysiology of these complications is not well understood, it has been shown that in patients with diarrhea-associated HUS, neutrophils are more activated (10, 17) and that the products of the activated neutrophils may lead to vascular endothelial cell damage, which in turn may precipitate HUS (10, 17) . This report describes, for the first time, alterations in the early and later events of neutrophil function in children with S. dysenteriae type 1 infection, with and without complications. We found that polarization, an early event in neutrophil activation, was higher in the presence and absence of chemoattractants (FMLP and LPS of S. dysenteriae type 1) in children with shigellosis than in uninfected children. Increased numbers of polarized neutrophils in the absence of any chemoattractant probably represent cells that were activated in vivo. Similar in vivo activation of neutrophils has been demonstrated in patients with ulcerative colitis and Crohn's disease (16) . In vivo activation may be a result of several factors, one of which is bacterial products. The LPSs of gram-negative bacteria are known to prime neutrophils, so that they become more responsive to other stimuli (30) . Shigella LPS may be similar in this respect. Enhanced polarization in response to low doses of FMLP reflects the already activated state of cells (30) . The reason for the increased polarization with higher doses of FMLP may suggest that a previously unresponsive population of cells are activated or that FMLP receptors are modulated. The LPSs of gram-negative bacteria enhance the responsiveness of neutrophils to other stimuli by increasing the number of FMLP receptors (30) . In patients with Crohn's disease, the number of FMLP receptors expressed on neutrophils is increased, and these neutrophils show increased chemiluminescence with high doses of FMLP (2). These results were interpreted to suggest that neutrophil changes were secondary to exposure to bacterial products through a leaky gut or inflammatory cytokines. It may be hypothesized that a similar situation occurs in patients with shigellosis. Increased polarization with LPS may again be due to alterations in the receptor for LPS on neutrophils. CD14, which is the receptor for LPS (12) , can be upregulated by LPS itself (30) .
Neutrophil locomotion with FMLP was higher than that without chemoattractants in children with shigellosis but not in uninfected children. Exposure to LPS is known to enhance f-actin formation (30) , which may be related to chemotaxis. Therefore, it is possible that in children with shigellosis, exposure to LPS in vivo leads to enhanced neutrophil locomotion with subsequent exposure to FMLP in vitro. However, why exposure to the LPS of S. dysenteriae type 1 in vitro inhibited However, neutrophils from children with complicated shigellosis were more polarized in the presence of high FMLP concentrations (10 Ϫ7 and 10 Ϫ6 M) and the LPS of S. dysenteriae type 1. Although it is not clear why this happens, a further increase in FMLP receptor or CD14 expression may take place in neutrophils from children with complicated infection. This could be due to exposure to more bacterial antigens such as LPS and other inflammatory products, including cytokines such as tumor necrosis factor alpha, the levels of which are known to be raised in the serum of children with complicated shigellosis (9) . However, there is no evidence to support this hypothesis. no changes in polarization of neutrophils from children with uncomplicated or complicated shigellosis in the absence of chemoattractants or with 10 Ϫ9 M FMLP, suggesting that the cells were still activated in vivo. A decline in polarization was observed with high concentrations of FMLP in children with uncomplicated shigellosis but not in children with complicated shigellosis. At 3 to 5 days after enrollment, children with uncomplicated shigellosis had improved clinically so that their stool frequency, stool WBC counts, stool RBC counts, and peripheral blood total WBC count were all lower than those at the time of enrollment (Table 1 ). In contrast, the clinical condition of children with complicated shigellosis was unchanged 3 to 5 days after enrollment (Table 1) . Therefore, responses to high concentrations of FMLP appear to be more short-lived and related to the clinical condition of the children.
We also found that nutritional status had a profound effect on neutrophil polarization. Poorly nourished, uninfected children had more primed cells (as suggested by increased polarization in the presence of 10 Ϫ9 M FMLP) than their betternourished counterparts. This confirms the previous findings of Anderson et al. (1) , who showed that peripheral neutrophils from malnourished children have a more activated morphology. The reason for increased polarization with FMLP at 10 Ϫ5 M is not clear, but FMLP receptors may be susceptible to nutritional deprivation, resulting in alterations in receptor numbers or the type of receptors expressed (high-or lowaffinity receptors). However, no evidence supports this hypothesis, although it is recognized that cell surface glycoproteins are altered in malnourished children (7) . No effect of nutrition was observed in children with shigellosis. Nutrition also did not influence the outcome of infection in patients with shigellosis in terms of the development of complications, because the numbers of children Յ70% weight-for-age and Ͼ70% weightfor-age were similar in the two groups of children with shigellosis.
All children with shigellosis (whether it was uncomplicated or complicated) were treated with antimicrobial agents; most children received amdinocillin pivoxil and four children received ciprofloxacin. The effects of amdinocillin pivoxil on neutrophil responses are not known, but penicillin G and methicillin are known to inhibit murine neutrophil cytokinesis (15) . Ciprofloxacin, on the other hand, may act synergistically with the immune system (11). It is not possible from the results of the present study to rule out the influence of drugs on neutrophil responses. In addition, since antimicrobial therapy forms the cornerstone of treatment in patients with shigellosis, it is not possible to carry out immune function studies in patients without antibiotic treatment.
In summary, children with S. dysenteriae type 1 infection have more polarized (activated) neutrophils in their peripheral circulation than uninfected children. In patients with complicated infection, further polarization with high doses of FMLP and the LPS of S. dysenteriae type 1 may reflect responses to the inflammatory milieu. The relationship of this increased response to the development of complications remains to be elucidated. 
